The objective of this study was to compare the effects of laidlomycin propionate and monensin on cell growth, glucose fermentation, and glucose uptake in Streptococcus bovis strain JB1 and Selenomonas ruminantium strain HD4. Experiments were also conducted to compare the effects of both ionophores on sodium-dependent serine transport and cell yield in S. bovis. Batch cultures (500 mL) of each bacterium were grown on 3.6 g/L D-glucose in semidefined medium and treated with either 5 ppm monensin or 2 ppm laidlomycin propionate ( n = 2). Cell growth was monitored by measuring optical density at 600 nm (OD 600 ) . Glucose and L-lactate concentrations were measured using coupled enzyme assays. In S. bovis, both monensin and laidlomycin propionate decreased OD 600 , glucose utilization, and L-lactate production. Neither ionophore had any effect on glucose utilization by S. ruminantium.
Introduction
Ionophores were approved by the U.S. Food and Drug Administration in the mid-1970s for use as ruminant feed additives and the most extensively used ionophore is monensin (Russell and Strobel, 1989) . In general, ionophores increase ruminal propionate production, decrease ruminal methane production, decrease ruminal protein deamination, and improve feed efficiency (Russell and Strobel, 1989) . Furthermore, ionophores inhibit lactate-producing Grampositive ruminal bacteria (i.e., Streptococcus bovis) , and this helps to moderate ruminal pH when rapidly fermentable diets are fed (Russell, 1987; Russell and Strobel, 1989) . Even though these compounds have been routinely used in beef cattle for many years, there has been increasing interest in recent years regarding the addition of ionophores to dairy cattle diets (Ramanzin et al., 1997) .
Laidlomycin propionate is similar to monensin in structure and anticoccidial function (Kitame et al., 1974; Clark et al., 1982) . When mixed ruminal microorganisms were cultured in vitro, laidlomycin propionate treatment increased propionate production (Spires and Algeo, 1983) . In vivo studies have shown that laidlomycin propionate improved the efficiency of feed conversion (Spires et al., 1990; Bauer et al., 1995) , decreased total ruminal lactate concentrations (Galyean et al., 1992) , and increased total VFA concentrations (Bauer et al., 1995) . Even though laidlomycin propionate alters the mixed ruminal microorganism fermentation, limited research has examined the effects of laidlomycin propionate on prominent ruminal bacteria. Previous research has shown that monensin inhibits Gram-positive ruminal bacteria, but Gram-negative ruminal bacteria are less sensitive to monensin (Stewart and Bryant, 1988; Russell and Strobel, 1989) . Because little information is available detailing the effects of laidlomycin propionate on ruminal bacteria, we compared the effects of laidlomycin propionate and monensin on glucose fermentation and nutrient transport in a Grampositive bacterium ( S. bovis) and a Gram-negative bacterium ( Selenomonas ruminantium) .
Materials and Methods
Organisms and Culture Medium. Selenomonas ruminantium strain HD4 and S. bovis strain JB1 were used in this study (Bryant, 1956; Russell and Robinson, 1984) . Basal medium (pH 6.7) contained (per liter) the following reagents: 292 mg of K 2 HPO 4 ; 240 mg of KH 2 PO 4 ; 480 mg of (NH 4 ) 2 SO 4 ; 480 mg of NaCl; 100 mg of MgSO 4 ·7H 2 O; 64 mg of CaCl 2 ·2H 2 O; 4,000 mg of Na 2 CO 3 ; 600 mg of cysteine hydrochloride; 1,000 mg of Trypticase (Becton Dickinson and Co., Cockeysville, MD); 1 mg of resazurin; 500 mg of yeast extract (Difco Laboratories, Detroit, MI); 28.3 mmol of acetic acid; 8.1 mmol of propionic acid; 3.4 mmol of butyric acid; and 1 mmol each of valeric, isovaleric, isobutyric, and 2-methylbutyric acids. DGlucose (Sigma Chemical, St. Louis, MO) was prepared as a separate anaerobic solution (20%, wt/vol) under O 2 -free CO 2 , autoclaved, and added (3.6 g/L) to the basal medium.
Culture Conditions. To evaluate the effects of ionophores on bacterial growth in batch culture, cells were incubated in gas washing bottles (500 mL) that were modified to remove or add samples through a butyl rubber stopper. The bottles were constantly purged with O 2 -free CO 2 and placed in a 39°C water bath and mixed by inverting each gas washing bottle several times preceding each sample collection. Monensin (Sigma) was dissolved in undiluted ethanol (.25 mg/mL) and added (10 mL) to the gas washing bottles to achieve a final concentration of 5 ppm. Because laidlomycin propionate (Roche Vitamins, Parsippany, NJ) is encapsulated, it was first ground in a mortar and pestle before solubilizing in undiluted ethanol. Laidlomycin propionate in ethanol (.1 mg/ mL) was added (10 mL) to the gas washing bottles to achieve a final concentration of 2 ppm. Control incubations were also run that received an equal (10 mL) amount of ethanol. The ionophore concentrations used in this study are consistent with what is currently recommended for both ionophores when added to ruminant diets.
Continuous culture experiments (dilution rate of .10 h −1 ) with S. bovis JB1 were performed with a model F-1000 fermentor (New Brunswick Scientific Co., Edison, NJ) that had a modified 360-mL chemostat vessel for the culture of strictly anaerobic bacteria (Russell and Baldwin, 1979) . The medium used for growth of strain JB1 in continuous culture was identical to that described above except that resazurin was not used, and valerate was the only VFA added. The glucose concentration used was 1.0 g/ L. Extracellular pH was adjusted by adding concentrated hydrochloric acid to the medium reservoir (Russell and Dombrowski, 1980) , and at least a 98% turnover of medium in the culture vessel was allowed before samples were taken (Russell and Baldwin, 1979) . Previous research demonstrated that a steadystate optical density is achieved by such a turnover if the change in culture conditions is not drastic (Russell and Baldwin, 1979) . Both ionophores were dissolved in ethanol as described above and added to the medium reservoir to achieve final concentrations in the culture vessel of 0, .63, 1.25, 2.50, 7.0, and 10.0 mM.
Sampling. Samples (10 mL) were collected through the butyl rubber stopper of each gas washing bottle using a syringe and needle, and samples (50 mL) were removed from the continuous culture vessel using a syringe. All samples were immediately centrifuged (10,000 × g, 15 min, 4°C), and the cell pellets were washed once and resuspended in deionized water. The cell pellet and culture supernatant were stored at −20°C.
Uptake Assays. D-Glucose uptake was measured in cells grown in glucose ( 6 g/L) medium in batch culture that were harvested (40 mL) anaerobically during exponential growth (optical density at 600 nm [OD 600 ] was approximately 1.0) by centrifugation (10,000 × g, 15 min, 4°C). Cells were washed once with O 2 -free 100 mM sodium-potassium phosphate buffer (pH 7.2) plus 5 mM MgCl 2 and resuspended in 10 mL of the same buffer. The reaction mixture (1.0 mL) contained 100 mM sodium-potassium phosphate buffer, 5 mM MgCl 2 , and 100 mL of whole cells (1,800 mg/L of protein). The reaction was started by the addition of 1 mM D-glucose that contained .2 mCi of D-[U-14 C]glucose (251 mCi/mmol, Dupont NEN, Boston, MA). After incubation for up to 30 min at 39°C, the reaction was stopped by adding 5 mL of ice-cold 100 mM LiCl (Nisbet and Martin, 1991; Strobel and Russell, 1991) . The cells were collected by filtration through a .45-mm pore size membrane filter (Millipore, Bedford, MA). The filters were then air-dried, and cell-associated radioactivity was measured in a scintillation counter. All assays were performed anaerobically (under O 2 -free N 2 ) . The effects of ethanol, laidlomycin propionate ( 2 ppm), and monensin ( 5 ppm) on glucose uptake were also evaluated. Cells were preincubated at 25°C in buffer plus ethanol or inhibitor for 3 min before D-[U-14 C]glucose addition. Uptake is defined as the amount of radioactive label retained within the cells trapped on the membrane filter.
Serine uptake by S. bovis JB1 was performed with glucose-energized cells (Russell et al., 1988) . Batch cultures (10 mL) of glucose-grown cells were harvested during logarithmic growth (an OD 600 of approximately 1.2) by centrifugation (1,200 × g, 5 min, 25°C). The cells were washed twice in 100 mM potassium phosphate buffer (pH 6.5) and resuspended in 150 mL of the same buffer. Concentrated cell suspensions ( 4 mL, 14.3 mg of protein per mL ) were added to 200 mL of 100 mM sodium phosphate buffer and energized with 10 mM glucose for 5 min at 25°C. Transport was initiated by the addition of .1 mCi of [ 14 C]serine (151 mCi/mmol, Amersham Corp., Arlington Heights, IL) and allowed to continue for 30 s. Transport was terminated by the addition of 2.5 mL of ice-cold 100 mM LiCl, and samples were filtered, dried, and measured in a scintillation counter as described above. Ethanol, laidlomycin propionate ( 2 ppm), and monensin ( 5 ppm) were added to the cells preceding energization with glucose. All assays were performed anaerobically (under O 2 -free N 2 ) .
Analyses. Bacterial growth was monitored by measuring OD 600 with a spectrophotometer (Beckman Instruments, Fullerton, CA). An OD 600 less than .1 was considered to represent bacterial washout for continuous culture samples. Washout refers to the inability of a bacterial culture to grow as a result of unfavorable environmental conditions (i.e., dilution rate, extracellular pH) within the chemostat culture vessel. Glucose and L-lactate concentrations in supernatant samples were measured using coupled enzyme assays (Hohorst, 1965; Bergmeyer et al., 1974) . Protein from .2 N NaOH-hydrolyzed cells (100°C, 15 min) was determined by the method of Lowry et al. (1951) , and bovine serum albumin was the standard that was treated similarly.
Statistical Analysis. All experiments were performed in duplicate ( n = 2 ) from two separate batch culture incubations or in triplicate from three ( n = 3 ) samples taken from a single continuous culture vessel. Statistical significance was evaluated with Student's t-test (Snedecor and Cochran, 1967) .
Results and Discussion
Glucose Fermentation. Because little information is available that details the effects of laidlomycin propionate on the metabolism of predominant ruminal bacteria, initial experiments were conducted to compare the effects of this ionophore with those of monensin on glucose fermentation by S. bovis JB1 (Gram-positive) and S. ruminantium HD4 (Gramnegative). When S. bovis JB1 was incubated in glucose medium, L-lactate was the main end product (Figure 1a) . Glucose was completely fermented within 3 h, and the OD 600 was 1.54 at 8 h. Because both ionophores were prepared in ethanol, the effects of adding ethanol to the S. bovis JB1 glucose fermentations were also evaluated (Figure 1b) . Addition of ethanol at 1.5 h had little effect on growth and glucose fermentation by JB1, because glucose was completely fermented within 3 h, and L-lactate was the predominant end product. Addition of 5 ppm monensin at 1.5 h caused an almost immediate decrease ( P < .05) in growth rate (change in OD 600 over time), and little growth occurred between 3 and 8 h (Figure 1c) . Monensin treatment also reduced ( P < .10) the rate of glucose utilization and L-lactate production between 3 and 4 h. Even though little growth occurred after 4 h, glucose was still fermented to L-lactate. These results are consistent with previous research with S. bovis JB1 (Russell, 1987) . Incorporation of 2 ppm of laidlomycin propionate at 1.5 h also reduced growth rate ( P < .05 between 3 and 8 h), glucose utilization ( P < .10 between 3 and 4 h), and L-lactate production ( P < .10 between 3 and 4 h ) compared with control incubations (Figure 1d vs Figure 1b) . However, unlike the monensin-treated cultures, all of the glucose was fermented within 6 h in the presence of 2 ppm of laidlomycin propionate (Figure 1d vs Figure  1c) .
When S. ruminantium HD4 was incubated in glucose medium, L-lactate was the main end product up to 8 h, and glucose was completely fermented within 12 h (Figure 2a) . Optical density at 600 nm was 1.6 at 16 h. After 8 h of incubation, L-lactate was fermented, and acetate and propionate were produced (data not shown). This type of fermentation is typical of this strain of S. ruminantium (Stewart and Bryant, 1988; Ricke et al., 1996) . Addition of ethanol at 2 h caused a slight lag in glucose utilization, growth rate (change in OD 600 over time), and L-lactate production, but all glucose was fermented within 16 h (Figure 2b ). Previous research showed that S. ruminantium HD4 was more tolerant of ethanol (.1 to 25.6% vol/vol) addition to the growth medium than several other ruminal bacteria (Caldwell and Murray, 1986) . When either monensin (Figure 2c ) or laidlomycin propionate (Figure 2d ) was added at 2 h, there was little difference in the fermentation of glucose by strain HD4 compared with the ethanol treatment (Figure 2b ). Previous research has documented the resistance of S. ruminantium to monensin, and, based on the results from these batch culture fermentations, this bacterium seems resistant also to laidlomycin propionate (Stewart and Bryant, 1988; Russell and Strobel, 1989) . Gram-negative bacteria are thought to be resistant to ionophores owing to the presence of an outer membrane (Booth et al., 1979; Russell and Strobel, 1989) .
Nutrient Uptake. Because transport is the initial step in sugar metabolism by a bacterium (Martin, 1994) , experiments were conducted to examine the effects of ethanol, monensin, and laidlomycin propionate on radiolabeled glucose uptake by whole cells of S. bovis and S. ruminantium (Table 1) . D-Glucose uptake by both bacteria decreased over time, and this is consistent with the ability of [ 14 C]glucose to be metabolized after transport. Compared with uptake in the presence of ethanol, neither ionophore significantly inhibited glucose uptake by either bacterium. These results are consistent with the glucose transport mechanisms that have been identified in both S. bovis and S. ruminantium Martin, 1994) . Streptococcus bovis utilizes facilitated diffusion and the phosphoenolpyruvate phosphotransferase system ( PEP-PTS) to transport glucose, and S. ruminantium transports glucose by the PEP-PTS Martin, 1994) . Neither of these transport mechanisms is directly inhibited by ionophores. However, Russell (1987) demonstrated that monensin disrupted cation and proton flow across the S. bovis JB1 cell membrane and suggested that growth inhibition could have resulted from the utilization of intracellular ATP to expel protons out of the cell. Therefore, the decrease in cell growth (OD 600 ) observed in the presence of both ionophores in S. bovis JB1 (Figure 1 ) was most likely due to the uncoupling of growth processes from ATP biosynthesis within the cell rather than direct inhibition of glucose transport.
Unlike the transport mechanisms used for glucose transport, serine transport by S. bovis JB1 is dependent on sodium and is sensitive to monensin (Russell et al., 1988) . When whole cells of S. bovis JB1 that were washed and resuspended in potassium phosphate buffer were added to sodium phosphate buffer and Control 49.0 ± 15.0 24.9 ± 3.7 12.9 ± 3.9 147.6 ± 15.3 156.4 ± 33.6 90.9 ± 11.6 Ethanol 41.9 ± 2.7 18.2 ± 6.1 10.3 ± 3.7 91.7 ± 78.5 124.1 ± 23.8 76.9 ± 13.1 Monensin, 5 ppm 34.7 ± 3.6 17.8 ± 4.1 9.6 ± 4.1 147.1 ± 49.6 119.2 ± 30.6 92.2 ± 12.9 Laidlomycin propionate, 2 ppm 52.2 ± 11.3 25.5 ± 7.4 11.6 ± 4.9 151.9 ± 11.1 121.9 ± 26.5 68.8 ± 34.4 energized with glucose, radiolabeled serine transport was observed (Table 2) . Compared with the ethanol treatment, 5 ppm monensin inhibited uptake 52% ( P < .10), and 2 ppm laidlomycin propionate had little effect. Monensin inhibition of radiolabeled serine uptake by S. bovis JB1 is consistent with previous research (Russell et al., 1988) . These results suggest that laidlomycin propionate may not have the same affinity and(or) specificity for cations (i.e., Na + ) as monensin or that laidlomycin propionate is less potent than monensin at the concentrations used in our assays.
Continuous Culture. In general, the dilution rate within the rumen is between .05 and .10 h −1 (Hungate, 1966) , and the concentrations of soluble sugars in ruminal fluid are usually very low (1.0 g/L or less) except immediately after feeding (Czerkawski, 1986 ). Relative to the number of studies that have been done with ruminal bacteria grown in batch culture at near-neutral pH, few studies have evaluated the effects of ionophores, including laidlomycin propionate, on pure cultures of ruminal bacteria grown in continuous culture (Chow and Russell, 1990) . In addition, it has been well documented that S. bovis proliferates and produces lactate under conditions of high sugar concentrations (i.e., high cereal grain diet) and low pH. Therefore, experiments were conducted to evaluate the effects of both ionophores on the yield of S. bovis JB1 grown in continuous culture at extracellular pH values of 6.7 and 5.7 (Table 3) . Previous research demonstrated that lasalocid was more potent than monensin in decreasing the yield of S. bovis JB1, particularly at extracellular pH 5.7 (Chow and Russell, 1990) . Because monensin and laidlomycin propionate had little effect on glucose fermentation by S. ruminantium in batch culture (Figure 2) , continuous culture studies were not conducted with this bacterium. When S. bovis JB1 was grown in a glucose-limited continuous culture at pH 6.7, .63 mM monensin reduced ( P < .05) yield 40% ( Table 3) . As monensin was increased from .63 to 7.0 mM, there was a further decline ( P < .05) in cell yield. Under similar conditions, laidlomycin propionate tended to reduce yield at concentrations between .63 and 2.5 mM, and the 7.0 and 10.0 mM concentrations further reduced ( P < .10) yield. Monensin was a more potent inhibitor ( P < .05) than laidlomycin propionate at the 7.0 and 10.0 mM concentrations at pH 6.7.
When extracellular pH was decreased from 6.7 to 5.7, both ionophores tended to be more potent inhibitors (Table 3) . Monensin concentrations of .63 and 1.25 mM decreased ( P < .05) yield 79 and 88%, respectively, and higher concentrations caused the cells to wash out of the culture vessel. As laidlomycin propionate concentrations were increased, there was a corresponding (except for 1.25 mM) decrease ( P < .05) in yield, and 10.0 mM of this ionophore caused the cells to wash out of the culture vessel. Similar to the results obtained at pH 6.7, monensin was a more potent inhibitor ( P < .05) than laidlomycin propionate at pH 5.7.
Implications
Batch culture studies showed that laidlomycin propionate and monensin inhibited growth and reduced glucose utilization by the Gram-positive bacterium Streptococcus bovis strain JB1 and had little effect on these variables in the Gram-negative bacterium Selenomonas ruminantium strain HD4. Radiolabeled glucose uptake by both bacteria was unaffected by either ionophore, whereas [ 14 C]serine uptake was inhibited by monensin but not by laidlomycin propionate. When S. bovis was grown in glucose-limited continuous culture, increasing concentrations of both ionophores decreased bacterial yield at extracellular pH 6.7, and both ionophores were more potent at extracellular pH 5.7. However, monensin was a more potent inhibitor than laidlomycin propionate at both extracellular pH values.
